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(57) Abstract 

The PWM control scheme is illustrated in conjunction with a power distribution control circuit (30), wheron die duty cycle of 
con wcrter (32) is suitably cootroUed by a number of feedback \sxf^ embodying various parameters, for example a voltage error signal, an 
average (eg. RMS) value of die input voltage (Vin). Circuit (30) comprises a rectifying circuit (42), a convctter circuit (32), for example 
an AC-DC coaverter, a c^acitor (O, an osdlktor and PWM circuit (44), an error signal (46), a multq>lier circuit (48), a differencing 
(50), and a syntheaang ciicnil (52), Circuit (30) aR)ears as a resistive toad to die line for feed PWM, a fixed load, and a fixed 
RMS input voltage. To stabilize die output voltage (Vout), die pulse width signal (44a) applied to converter suitably varies in proportion 
to both changes in die RMS value of die input voltage and die output voltage. The output voltage enor signal applied to multiplier circuit 
by enor circuit provides die correction value for Vout variations. The line RMS signal applied to multiplier by the line RMS filtw circuit 
(52) compensates die PWM signal for variations in die RMS value of Vm. In diis regmd, die RMS loop modulator control signal may 
be advantageously nonnaUzed by Vnns (square) since Fin varies as AHn (square). Decreases in eidier die output enor signal or die RMS 
signal increase the PWM value. 
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wo 94/19860 PCT/US94/01796 
T nw T JNE HARMONIC AC TO P r POWER SUPPLY 



5 Technical Field 

The present invention relates, generally, to methods and apparatus for 
implementing a power supply having a power factor substantially equal to one while 
substantially eliminating line harmonics, and more particularly to a technique involving the 
generation of an ideal synthesized current reference waveform which is independent of the 

10 AC line voltage waveform and which is employed in the control loop for controlling the 
duty cycle of the switch mode DC power supply as used in AC-DC, AC-AC, and DC-DC 
converter applications. 
Background Art and Technical Problems 

For an ideal utility power delivery system characterized by an AC line voltage V^, 

15 a line impedance Z^, and an AC current l^, the power delivered to a load is the dot 
product of the voltage across the load and the current iiuming through the load, or = 
Vout • Iout^°s(fl) v/b&TQ 0 represents the phase difference between the voltage across the load 
and the current running through the load. Maximum power is thus most efficiently 
delivered to the load when the phase angle of the current coincides with the phase angle of 

20 the voltage at the load (cos(0) = 1), conespondii^ to a power factor of one. 

Power distribution systems typically sapply power for loads which are both purely 
resistive as well as loads which exhibit unpedances having substantial reactive components, 
for example electric motors, power siq>plies (converters), fluorescent and HID lighting, and 
the like. The reactive component of load impedance, whether capacitive or uaductive, shifts 

25 the phase angle of the current runnmg through tte load with respect to the supply voltage, 
resulting in a proportional decrease in power factor at the load and corresponding reduction 
in the efficiency of the power distribution system. Stated another way, for power factors 
less than one, an electric utility power company must provide more "power" than is actually 
consumed by the various loads connected to the power distribution system. 
" 30 Power factor correction techniques are generally well known. Typically, electronic 

devices having a reactive component equal in magnimde but opposite in sign to the reactive 
component of the impedance exhibited by the load are placed in parallel with the load; for 
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example, the common technique is to place a bank of capacitors in parallel across an 
inductive motor to cancel the inductive reactance produced by the motor. In this way, the 
power factor is corrected to unity, and the overall impedance of the load appears purely 
resistive from the perspective of the source {e.g. the power company). 

5 Reactive loads which draw current in a nonlinear fashion are considerably more 

problematic, however, particularly to the extent that the line current harmonics resulting 
from the nonlinearities are reflected back to the power source. 

Presently known power converters, for example AC-DC converters, and in particular 
those employing silicon rectifiers, tend to exhibit discontinuous supply line current drawmg 

10 characteristics, i.e. , nonlinear load characteristics. In such systems, current flowing through 
the load is typically zero until the AC supply voltage exceeds a first DC conduction 
threshold voltage defined by, inter alia, the rectifier circuit. Thereafter, the current through 
the load increases sharply, limited primarily by line impedance. The current level again 
returns to zero as the AC supply voltage drops below a second DC conduction threshold 

15 voltage, typically defined by the fUter capacitor and the rectifier circuit. Consequently, the 
diode conduction angle is restricted to a relatively small angular region centered around ir/2 
radians in the AC Ime voltage, which constitutes a comparatively small fraction of the total 
potential conduction angle provided by a rectified sine wave. As a result of tins reduced 
conduction angle, substantially all of the power consumed by the load is drawn during a 

20 small portion of the AC cycle, resulting in veiy high current peaks and, hence, very high 
peak-to-RMS current ratios (crest factors). In addition, tiiese nonlinear current drawing 
characteristics produce high frequency harmonics which are reflected back to transformer 
cores in the distribution system. 

These high crest factors and harmonic con^nents negatively affect tiie utility 

25 company's ability to adequately provide power to an increasingly complex universe of 
consumers. For example, it is known that transformer core losses are a function of die 
square of the frequency of reflected current harmonics. Moreover, high crest values require 
fliat the total generating capacity and the transformers used by utilities to produce electrical 
power be of sufficient size to supply the needed crest current. The capital cost to the utility 

30 companies to provide the extra generating capacity and large transformers is extraordinary. 

Moreover, as more nonlinear electronic equipment (e.g., computers) is connected to 
existing power distribution systems, high frequency noise generated by nonlinear loads tends 
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to interact with other electronic equipment on the same power distribution line, which may 
result in a degradation in the reliability of these devices, for example manifesting as a loss 
of data system integrity for computer systems. 

Passive methods to reduce the nonlinear current drawing effects of power 
6 consumption devices typically involve the use of an inductive-type filters used in conjunction 
with the load. These filters, however, are quite large and expensive. 

Active methods to reduce nonlinear current consumption have also been constructed, 
but they too are unsatisfactory in several regards. For example, many active correction 
schemes employ a feedback loop using a non-fdtered voltage wave shape to correct the 
10 current waveform which is detected at the AC input While these active systems generally 
yield good power factor characteristics, they tend to amplify the deleterious effects of 
harmonic distortions present on the AC input line. 

An apparatos for suppressing or eliminating nonlinear current drawing characteristics 
of a load is thus needed which overcomes the shortcomings of the prior art. 

15 

Summary of the Invention . 

The present invention provides methods and apparatus for suppressing or eliminating 
nonlmear current drawing characteristics, while at the same time substantially eliminating 
high order current harmonics. 

20 In accordance with one aspect of the present invention, an energy transfer system, for 

example a pulse width modulator (PWM) flyback converter, is employed to substantially 
eliminate nonlinear current drawing characteristics. The flyback converter conq)rises an 
inductor interposed between the AC line voltage and the load, with a controllable switch 
provided between the inductor and the negative supply leg of a rectifier circuit. The duty 

25 cycle of the converter switch is suitably controlled in accordance with one or more 
parameters to produce a substantially constant DC output from die converter which is 
applied to the load. At the same time, proper synchronization of the converter switch 
ensures that die current through the inductor and, hence, the output cunent through the 
load, remains in phase with die AC supply voltage. Thus, a power factor on the order of 
• 30 unity is maintained while substantially eliminating nonlinear cunent drawing characteristics . 

In accordance widi a further aspect of die invention, die PWM circuit which governs 
the duty cycle of the converter switeh is suitably controlled such tiiat power tiirough die load 
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10 



and, hence, the current drawn from the input line, varies as a tuncuon of the square of the 
AC line signal. 

In accordance with a further aspect of the present invention, the current reference 
signal used in the PWM control loop is independent of the AC line signal. In this way, the 
PWM control scheme U independent of harmonics which may be present on the AC line. 

In accordance with yet a further aspect of the present invention, a synthesized current 
reference signal is generated using the zero crossings of the AC input waveform, which 
synthesized waveform corresponds to an ideal half sine wave. 

In accordance with a fiuther aspect of the invention, the aforementioned synthesized 
current reference waveform may be advantageously employed in the context of a three phase 
power distribution system. 



Wrirf Pescrintion o f the Drawinp Figures. 

The subject invention will hereinafter be described in conjunction witii the appended 
15 drawing figures, wherein like designations correspond to like dements, and: 
Figure 1 is a schematic circuit diagram of an ideal load; 

Figure 2 is a schematic circuit diagram of the ideal load of Figure 1 having an 
AC/DC converter incorporated therein; 

Figure 3 is a schematic circuit diagram of the circuit of Figure 2 fiirtijer including an 
20 energy transfer circuit mechanism; 

Figure 4 is a functional block diagram of a power distribution system in accordance 
wifli the present invention inchiding a synthesized reference waveform controUed feedback 
loop; 

Figure 5 is a functional block diagram detailing the various functional blocks of 
25 Figure 4; 

Figure 6 is an alternate embodiment of tiie controlled power distribution circuit of 
Figure 5; 

Figure 7 is a schematic circuit diagram of a delta connected fljree phase power 
distribution system; 

30 Figure 8 is an exemplary tiiree phase AC/DC power supply circuit; 

Figure 9 is a schematic block diagram of a synthesized reference waveform controUed 
energy transfer circuit implemented in a fliree phase contest; and 
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Figure 10 is a schematic block diagram of the system of Figure 9 further including 
load leveling circuitry. 

Detailed Description of Preferred Ex emplary Embodiments. 
5 It is well known that maximum efficiency in power distribution may be obtained when 

the impedance of the load appears purely resistive to the source. More particularly and with 
reference to Figure 1, the power into a resistive load Rjoad is P = I^Rioad* I is the 
current flowing in tlie load. Since 

^kad 

for a resistive load across tiie AC line, 

10 that is, the instantaneous power to the load varies in phase as the square of the Une 
Yoltage. This represents the ideal load condition. The system loss is minimal when Zjj^ 
is only real, i.e., 

loss " 7 

^line 

Referring now to Figure 2, the addition of a fiiU wave rectifier bridge 10 and a capacitor 
CI to the circuit of Figure 1 gives a simple DC power supply 12. 

15 DC power supply 12 looks capacitively reactive to the input AC power Ime. 

Respective diodes 10a - lOd comprising bridge rectifier 10 are suitably biased with a voltage 
offset equal to the output voltage on capacitor Cj. This bias results in the nonlinear input 
current behavior of the supply. Using Figure 2 as a typical input supply circuit, equations 
characterizing the system may be developed. 

20 Diode conduction starts when V|n meets the following condition: 
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+ V 
diode ^ eapP 



Where the 1 index indicates the start of conduction. Diode conduction thus stops at 

a 



in2 



'^^ diode ^ ^capl 



cz 



«,CR, 



load 



where the 2 index indicates conduction cut off. Assuming that AVp^p is < < V^ap. 
> > CZiine* and tl , t2 are the start and stop conduction phase angle times, AV^ap (i e. . the 
ripple voltoge across the capacitor) can be solved for during the diode cutoff period as a 
function of a complex power of t as follows: 



l-e 




It 



-^2 



line J 



CR 



toad 



TTk current ampUtnde upon conduction is limited by the low impedance between the line 
and filter capacitors plus 2^^. Including the supply impedance in Zjj^ gives 



'eomf 



-/tee 



The equation is valid between tl and 12. 

This circuit characteristic produces no current flow for the majority of the line 

10 voltage sine wave, but produces very high peak currents, since all the power to the load is 
necessarily delivered during the diode conduction phase angle. The system input efficiency 
suffers because even though current only flows for a smaO time, losses increase as a 
function of the square of the current. Moreover, resistance loss increases proportional to 
the inverse of the conducQon time. This discontinuous current waveform is rich in odd high 

15 order harmonics. The energy content of the higher order harmonics also increases by the 

inverse of the conduction time. 

Referring now to Figure 3. a generalized method for eliminating nonlinear current 
drawing characteristics is suitably described in conjunction with a power distribution circuit 
20. Circuit 20 suitably comprises bridge rectifier 10 supplied by tiie AC line, witir a 
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capacitor CI disposed in parallel across the load Rjoad as in Figure 1. but with a flyback 
converter circuit 22 interposed between rectifier 10 and capacitor CI. Flyback converter 
22 suitably comprises an inductor L, a flyback diode 24 and a switch 26. This type of 
flyback converter arrangement is described in detail in Wilkinson et al., U.S. Patent No. 

5 4,677,366, issued June 30, 1987 and incorporated herein by this reference. Such flyback 
converter systems are characterized in that Vj^ • li^; i.e., Pi„. is proportional to 
V^cmt'^^load' wherein Vjj, need not be equal to Wg^- 

When switch 26 is open, the current Ii„ output from rectifier 10 is applied to inductor 
LI (also known as a boost inductor), through diode 24. charging capacitor CI. Because of 

10 the energy storage capability of inductor LI. capacitor CI may be charged to a voltage 
value which exceeds 

Vpeak- When switch 26 is closed, capacitor CI discharges, supplying 
current to as discussed in greater detail below. 

With continued reference to Figure 3. the "boost" voltage supplied by inductor LI 
plus the input voltage V-^ essentially comprises the output voltage Wool applied to the load. 
15 More particulaiiy. inductor LI generates a boost voltage as a result of switch 26 first 
shorting the inductor to the negative supply leg of bridge rectifier 10. causing current to 
flow through the inductor. When switch 26 is opened, as discussed in greater detail below, 
mductor LI "flies back", causing a voltage Vflyi»ck » <»cvelop across the inductor in 
reverse polarity to input voltage V^; that is. the flyback voltage developed across inductor 
20 LI has a positive to negative polarity going from right to left in Figure 3. 
The voltage across hiductor LI rises undl 

Via + Vflyback > Vuflyback + ^cap- 
Capacitor CI is recharged at the switching frequency of switch 26. with the amount of 
charge determined by the switching period duty cycle. 
25 With continued reference to Figure 3. for a given input voltage (V^) and a switching 

frequency (^^^^, where F^^^h > > F^^. Vj„ can be treated as a constant during a 
single switching cycle. Therefore, 

Vin*Iin = Voui^W 

at a fixed switch on to off ratio (Le. duty cycle). When the off period permits complete 

30 discharge of the stored energy in the inductor, then 

Vin • lin =^ ^constant ~ ^out * W 
When Vout is > Vj^. For the boost configuration, the flyback diode does not conduct until 
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Vfiyback ^ ^out ^diode ^in 

since 

^flyback 

and the energy (E) stored each qrcle in the inductor is 

2 

for I equal to zero at the beginning of each cycle. If E is not zero in the inductor. Vf^yy^cV. 
will instantaneously rise until current flows through the load, which is the case if the 
flyback diode is not conducting; thus. Vflyback increases until the conduction condition 
described above is met. Since Vflyback meets the flyback condition, the PWM duty cycle 
determines the power extracted from the input line. 

With momentaiy reference to Figure 1. for a fixed load R. is proportional to 
V2peaks«^("line0. that is, to have a load look resistive to the input line, power is extracted 
. atav2p^in2(o,,i^t)rate. 

The power into inductor LI during can be found as 

•^to dt At 

IfFswiich > > Fu^, then V|„ can be considered constant during any switch cycle permitting 
a A approxfanation. For a fixed duty cycle and letting Vj^ = VpeakSin(a>t) and At = to„. 
then 

Let Ip equal the maximum value of AI for any cycle during 1^. The energy (i.c. power) 
input from flie AC line each switdiing cycle is thus 

£ = during r«, 

2 

and 
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E ^ -Ji-^ during t^; 

rearranging. Ip = WVp«kS»n("anct)/L. (Note: Ip = W "linet = ^^^2 » 

'on) 
Then 

K. A/ 



Summing, 



5 Therefore. Pi„ is proportional to V^^mHu>]jn^t), if ^ ^ 

constants. Power is thus extracted from the line as V^j^in^CwiincO, which from the 
resistive load example above, means the DC supply circuit behaves like an ideal resistive 
load to the AC input Ime. 

Turning now to the output characteristics of converter 22, recall that it was assumed 

10 for purposes of the foregoing discussion that for a given output load all the stored energy 
in inductor LI could be dumped to the filter capacitor during t^ff. In accordance with the 
preferred embodiment discussed herein, it is desirable, in fact, not to let the inductor current 
go to zero each switching cycle in order to minimize switching frequency current ripple, 
as discussed in greater detail below. 

15 With continued reference to Figure 3, the duty cycle of switch 26 substantially 

controls the energy stored in inductor LI during each switching cycle; hence, the duty cycle 
of switch 26 effectively controls the value of voltage W^^^. More particularly. \^ may be 
controlled as a function of the mput voltage V^^ and the duty cycle of switch 26 as follows: 

^switch 



in ^ 

on 
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20 



Since AI's are equal if I goes to zero each switch cycle, then 

Vt = U/ = (Vc„, - K - ^PflybackYofr 

Ignoring Vunyback, 




THUS, by controlling t„„ as Vi„ varies, e.g. via a voltage control loop, the output 
voltage V^t roay ^ maintained at a substantially constant level. 

5 With momentary reference to Figure 4, the PWM control scheme of the present 

invention may suitably be illustrated in conjunction with a power distribution control circuit 
30. wherein the duty cycle of an exemplary converter 32 {e.g. flyback converter 22) is 
suitably controlled by a number of feedback loops embodying various parameters, for 
example a voltage error signal, an average {e.g. RMS) value of the input voltage signal Vi„. 

10 and the like. 

In accordance witli a further aspect of the present invention, the lectffied sine wave. 
i.e. the half sine wave signal applied to the converter {e.g. converter 22 in Figure 3) 
provides that: 

Vj„ = I Vp«,kSmK^t)l . for a,,i„t = 0. *. 2» n». where n « 0. 1. 

15 2, 3, ... 00, then sin(a)|i„eO = 0. 

Therefore, at Vj^ = 0. the ratio of t^t„ff theoretically goes to infmity. Since switch 26 
is suitably switched at a fixed frequency, a current zero crossing distortion will occur as 
t„„ = > max. value and t^ff = > min. value. To reduce this problem, a second loop is 
^Itably employed to control t^ in accordance with the histantaneous Vi„ waveform. This 
second loop advantageously exhibits a moderate bandwidth and a gam greater than one. 
However, if the input AC line voltage waveform is distorted, e.g., if Vi„ embodies 
harmonics or spurious transients, the current waveform drawn by the load will be further 
distorted because of the gain in the loop band pass. The increased current distortion occurs 
because the current control loop forces the current input wavefonn to track the distorted 
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voltage wavefom. Further, the voltage waveform is additionally distorted by the distorted 
input current waveform generating a delta distorted voltage across the input line impedance 
(Zlinc)- eliminate this problem an ideal syntlicsized current waveform synchronized to 
the AC input line is used to correct the cunent waveform. 

6 Returning now to Figure 3. output filter capacitor CI plays an important role in 

maintaining a resistive looking input impedaiice. More particularly, capacitor CI buffers 
the output voltage rise (V^,) when excess charge is dumped (by inductor LI) during any 
switching cycle and does not let Vo„, sag very much while the inductor is being charged. 
Assuming a fixed output duty cycle with a resistive load, but without the restriction that the 

10 inductor current goes to zero each switch cycle, the change in stored cneigy in the flyback 
inductor LI for t^^ is: 



^E^JJ^tj^ where /, = /, A/ 



Substituting 



L(2/.A/ + A/*) , K^cn 
l^E = ——^ and A/ = — - 



For toff. 



A£ = 

«• 2L 



AIT n.A/<^ _ VlUof 
— 



2 2L 
'o« * n»a«mum when r„„ = = -^t^ 

A£ + A£ - = — r— 

The above solution suggests that if t^^ is not long enough to permit the inductor current go 
' 15 to zero, additional energy is stored in the inductor, biasing its magnetic circuit. However, 
as long as the inductor does not saturate, this should not adversely affect system 

-11- 

SUBSmUfE SHEET (RULE 26) 



wo 94/19860 PCTAJS94/01796 

perfonnance. Moreover, since t^, 1^^ and L are constants and dividing E by t„„ to give 
power, the load draws input power in proportion to Tim, the supply input looks like 
a resistor to the input line, which is the ideal case. 

An additional problem addressed by the present invention surrounds the ripple content 

5 of Vout in the voltage feedback loop, since any switching hannonics wiU modulate the 
current. The switching harmonics may be advantageously reduced by using a current 
buckmg bifilar filter choke (Figure 5) which reduces peak capacitor charging current ripple 
by integrating it over a switching cycle, but cancels out the DC average current keeping Ihe 
filter core from samrating. A simple low-pass filter in the output voltage feedback loop 

10 with a comer frequency <F,^t/lO, but > 10Fu„, will give good transient response to 
load transients but avoid switching noise problems. 

Ipnj) Configuration. 

Although many configurations of buck or boost flyback converters, whether or not 
15 isolated, as well as any suitable energy transforming system may be advantageously 
employed in the context of the present invention, an exemplary non-isolated boost config- 
uratkm is set forth in the illustrated embodiment (Figure 3). A boost configuration shown 
in Figure 4 will continue to be used to demonstrate the loop configuration, as it offers 
ahnostcontinuousdirreM draw fhjm the AC inpm line, reducing filteri^ and 
20 has a filter element (i.e. the inductor) between the line and the switcher. THe boost voltage 
is also clamped by the filter capacitor which minimizes the voltage stress on the switching 
elements. Additionally, one side of the switchmg element is advantageously at the reference 
ground winch permits a simple current monitoring and feedback method for the current 
control loop. 

25 Referring again to Figure 4, circuit 40 suitably comprises a rectifying circuit 42. a 

converter circuit 32. for example an AC-DC converter, a capacitor C. an oscillator and 
PWM circuit 44, an error signal circuit 46, a multiplier circuit 48, a differencing amplifier 
50, and a synthesiiing circuit 52. 

Circuit 40 appears as a resistive load to the line for a fixed PWM, a fixed load, and 

30 a fixed RMS input voltage. To subilize the output voltage V^u,, the pulse width signal 44a 
appUed to converter 32 suitably varies in proportion to both changes in the RMS value of 
the input voltage and the output voltage. The output voltage error signal applied to 
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multiplier circuit 48 by error circuit 46 provides the correction value for variations. 
The line RMS signal applied to multiplier 48 by the line RMS filler circuit 52 compensates 
the PWM signal for variations in the RMS value of Vi„. In this regard, the RMS loop 
modulator control signal may be advantageously normalized by V^r^s S'n^e varies as 
5 v2j„. Decreases in either the output error signal or the RMS signal increase the PWM 
value. 

As the output load increases, the PWM signal and, hence, the duty cycle of converter 

circuit 32 must also increase to mamtain the energy transformation; since V,^ is fixed, 1^01 

will vary with varying load. The duty cycle c omputed by PWM circuit 44 is a fiinction of 

10 the output voltage^Vo„j and the input voltage V^, and may be expressed as the ratio of the 

on to off switching time of converter 32 as follows: 

t V 

'on _ out _ J 

The above equations show the output-input relationship with duty cycle ratio. It is clear that 
as = > Vi„. the system's abUity to power transform = > 0. Therefore a maximum 
on ti^e has to be set as Vi„ = > to maintain the V^^ to Vi„ ratio under maximum 
15 . power output. Also, to optimize the inductor utilization, a duty cycle on the order of about 
50% may be employed when ^ is maximum and V„„j - Vi„ is minimum. However, when 
Vjn = > 0 the t^n period (duty cycle) needs to increase, for example to a duty cycle 
^preaching 100%. 

Vi„ goes to zero every half cycle of the line frequency. To provide this function, a 
20 third loop is introduced. A synthesized waveform ftmction 52a is suitably differenced with 
a current feedback signal 56a, generated by a current sensor 56. at differencmg amplifier 
50. The output of amplifier 50 is suitably applied to PWM circuit 44 and used to modulate 
the switching pulse vridth. This second loop is suitably a relatively fast loop in comparison 
to the RMS value correction. 
25 Referring now to Figure 5, a suitable supply circuit 104 useful in implementing many 

features of the present invention suitably comprises a rectifier circuit 42 connected to an AC 
input line 105. an inductor circuit 78 to which the output of rectifier circuit 42 is suitably 
applied, a diode 80 and a switch 84 configured to cooperate with inductor circuit 78 in a 
manner analogous to that described above in conjunction with Figure 3, a bifilar choke 
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Circuit 82. a capacitor 1 10. an output load R,^. a battery 72, and an uninterruptible power 
supply (UPS) comprising a charger 74. and a charger switch 76. 

Circuit 104 further comprises synthesizer circuit 52 connected to AC input line 105. 
a current sensing circuit 56 configured to sense the current through the load, PWM circuit 
5 44. differencing amplifier 50, multiplier 48. a divider filter 70. voltage difference circuit 
46, and an error signal switch 112. 

Synthesizing circuit 52 suitably comprises a characteristic detector circuit 60. a phase 
lock loop circuit 62. a counter circuit 64. a ROM 66. and a digital-to-analog converter 
(DAC) circuit 68. PWM control circuit 44 suitably comprises an osciUator circuit 90, a 
10 ramp generator circuit 92. a filter circuit 94, respective switches 96 and 114, a comparator 
100, a difference amplifier 102, and a flip-flop 98 configured to control the state of switch 
84. 

As discussed above in conjunction with Figures 3 and 4, inductor 78. diode 80 and 
capacitor 110 suitably cooperate to maintain an essentially constant output voltage 
15 across the load. Moreover, by controlling the duty cycle of switch 84 in accordance with 
a reference signal derived from the ACline input, the current drawn by the load 
remains in phase with the line voltage (resulting in a power factor of substantially unity) . 
while at the same time substantially eliminating line harmonics. 

In accordance with one aspect of the present invention, the duty cycle of switch 84 
20 is controlled in accordance with a plurality (e.g. four) separate but imenebucd control 
loops. 

A first feedback loop coxaxoh the duty cycle of switch 84 in accordance with output 
voltage V^. More particularly, output signal is suitably divided and filtered by 
dMder circuit 70 to an appropriate value, whereupon the voltage divided signal is applied 

25 to differencing amplifier 46 which compares it with a predetermined reference signal V„f. 
In accordance with one aspect of the present invention, the value of V«f is suitably selected 
to be equal to (or proportional to) the desired load voltage (V^). Differencing amplifier 
46 generates an output enof signal 46A indicative of the difference between ou^ut signal 
Vou, and reference signal V,ef, and applies this error signal to multiplier circuit 48. The 

30 manner in which multiplier circuit 48 manipulates enor signal 46A is discussed in greater 
detail below. 
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Error signal 46A is also supplied to switch 112. In this regard, characteristic detector 
circuit 60 suitably comprises circuitry (not shown) which detects when the steady state 
voltage on input line 105 drops below a predetermined threshold value, indicating a low line 
condition of sufficient severity to switch batteiy 72 into the system, for example via switch 

5 76. For purposes of describing the function of enor signal 46A, it is sufficient for present 
purposes to state that a low line voltage signal 60B is generated by characteristic detection 
circuit 60 when the AC line voltage 105 drops below die threshold value, whereupon switch 
1 12 multiplies error signal 46A by a predetermined value of low line detection ouqjut signal 
60B and applies the result to differencing amplifier 96. In this way, at low line voltages 

10 the supply switches over to the battery, and different references are used for DC control. 

With respect to the second control loop, characteristic detection circuit 60 suitably 
comprises circuitry (not shown) configuied to detect and filter the RMS voltage vahie of AC 
iipit line 105, and apply an output signal 60C indicative of flje RMS value of inpai signal 
105 to multiplier circuit 48. In this way, the duty cycle of switch 84 is also conlroUed as 

15 a fimction of and, hence, is enable of compensating for variations in, iJie steady state RMS 
value of AC iapat signal 105. 

With respect to Uie third control loop, characteristic detection circuit 60 fiutfaer 
comprises circuitry (not shown) configured to precisely detea the zero crossings of AC 
iipit s«nal 105, and to generate an ouqjut 60A in accordance with the zero 

20 crossmgs. In accordance with one aspect of the present invention, output signal 60A 
suitably comprises a series of short bursts coinciding with each zero crossmg of line signal 
105. Ouqnit signal 60A is suitably applied to phase lock loop circuit 62 and to counter 
circuit 64. Moreover, inasmuch as AC input signal 105 exhibits two zero crossings per 
cycle, output signal 60A suitably exhibits a frequency equal to twice that of the input line 

25 frequency (2Fijne). 

Phase lock loop circuit 62 suiubly multiplies output signal 60A by a predetermined 
integer value n, where n may be any suitable value, for example n=1024. Consequently, 
output signal 62A generated by phase lock circuit 62 exhibits a frequency nPiu^. which is 
applied to counter 64 and oscillator 90. In tiiis way, switch 84, which opexitss at a 
• 30 frequency controlled by osciUator 90. is phase-locked with respect to various feedback loops 

used to control the duty cycle of switch 84. 
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Counter circuit 64. ROM 66. and DAC 68 suitably cooperate to generate a 
synthesized current reference waveform which is phase lock d with respect to AC input 
signal 105, yet which exhibits an ideal half sine wavefonn; that is, the ouq»ut of DAC 68 
essentially corresponds to a pure, noise free representation of AC input signal 105. 

5 More particularly, ROM 66 suitably comprises a memory array comprising a 

predetermined number of data values representative of the amplitude of an ideal sine curve 
over a predetermined phase interval. In a prefened embodiment, ROM 66 suitably stores 
values of a pure sine wave for a phase interval of t/2, or one-quarter of a pure sine wave 
period. While the data in ROM 66 may be selected to defme a predeteimincd portion of 

10 a sine wave with any suitable resotation, in the Uhistrated embodiment ROM 66 suitably 
comprises an eight-bit memory array, such that 2^ = 256 data points are stored in ROM 
66. 

Counter circuit 64 suitably conqjrises an up-down counter having a modulo 
corresponding to the number of data vahies xepresendng the reference wave form stored 

15 withinROM66. Thus, counter circuit 64 may be configured to increment from 0 to 255, 
fliereby sequentially addressing eadi data value stored in ROM 66; counter circuit 64 may 
suitably be configured to thereafter count down to sequentially address the data vahies stored 
within ROM 66 in reverse order. By repeating fliis process, ROM 66 advantageously 
ou^uts data values tq)resentative of a half sine wave, phase-locked to AC iiqiut line 105. 

20 The ouqmt of ROM 66 is applied to DAC 68, such that an analog aatpat signal of die 

form Vpeai5Sin(«t) is appUed by DAC 68 to multiplier 48. 

Multiplier circuit 48 suitably multiplies output signal 68a from DAC 68 together with 
RMS output signal 60c and error signal 48a. and applies the result to differencing amplifier 
50. 

25 With respect to die fourtii feedback parameter, current sensor 56 detects the current 

level lout dirough the load and applies a proportional signal to filter 94 which outputs a 
corresponding signal 94a to differencing amplifier 50. Differencing amplifier 50 subtracts 
signal 94a from the output of multiplier circuit 48a, and applies die difference to switch 
114. 

30 Oscillator circuit 90 is phase-locked to AC input line 105 and oscillates at a multiple 

n of die line frequency. OsciUator 90 causes flip-flop 98 to close switch 84 at die beginning 
of each cycle at a frequency of nFu^: ramp generator 92 suitably applies a linear ramp 
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signal, also at a frequency of nFung to a first input of comparator 100. whereupon this 
ramped signal is compared with the output of amplifier 102 which is applied to the second 
input of comparator 100. The value of the output signal from amplifier 102 determines the 
point within the period p of switch 84 (p = l/nfjjjjg) at which the output of comparator 100 
5 causes flip-flop 98 to open switch 84. Thus, the value of the voltage signal output from 
amplifier 102, as translated through comparator 100 and flip-flop 98, determines the duty 
cycle of switch 84 in accordance with, inter alia, the four feedback loops discussed above. 

The switching element comprising switch 84 may comprise any suitable active device, 
for example a bipolar, MOSFET, and the like, as described more fully in co-pending U.S. 
10 application Serial No. 08/021 ,780, filed February 23, 1993 and in international application 
No. PCT/US93/07974, filed August 24. 1993. 

In accordance with a further aspect of the present invention, battery 72 is suitably 
charged off the V^m line, under Ihe control of charger 74, 

In accordance with a further embodiment of the present invention, the synthesized 
1 5 reference waveform technique may be advantageously applied in the context of a three-phase 
power distribution system. 

Three-Phase Embodiment. 

Referring now to Figures 6-10, the technique of generating a synthesized current 
20 reference waveform for use in controlling the duty cycle of a switched energy transfer 
circuit will now be described in conjunction with a polyphase power distribution system. 

Polyphase power distribution systems are generally well known. In particular, three- 
phase power distribution systems are quite prevalent. Moreover, it is generally understood 
that three-phase power distribution systems may be implemented in either a wye ("Y") or 
25 delta configuration. For simplicity, the polyphase implementation of the subject invention 
is hereinafter described in conjunction with a delta coimected three-phase distribution 
scheme, it being understood that the principles set forth herem are generally applicable to 
any three-phase configuration and, indeed, to any polyphase arrangement as well. 

The increasing \ise of capacitive input DC power supplies has resulted in the 
30 generation of increased harmonics which are introduced into three-phase power distribution 
qrsiems. For example, charging systems for electrical storage battery systems, particularly 
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for use in connection with electric vehicles, are anticipated to become more and more 
prevalent in the near future. 

In addition, the proliferation of electric motors as high power consumption loads in 
three-phase systems is increasing. The need to control the speed of such motors has led to 

5 the introduction of numerous variable drive systems for these motors. Initially, silicon 
controlled rectifiers (SCRs) were used as a speed control mechanism. However. SCR speed 
control systems introduced severe high frequency (RF) harmonic distortions into the AC 
service line, in part resulting from the extremely fast switching edge at the start of 
conduction of the SCRs, exacerbated by the direct connection of the SCRs to the inpat 

10 power lines. The SCR harmonics not only waste energy in the load by unnecessarily 
heating the motor core, but also cause radio interference problems, e.g., plugging of other 
motor controllers connected to the same distribution system. 

SCR systems arc characterized by nonlinear current drawing characteristics* as well 
as exhibiting a high inductively reactance impedance component which manifests as a 

15 current phase shift in the iiq>ut power lines, resulting in a poor power factor. 

More recent spcei control systems surround the use of bipolar output drivers such as 
those used in class D (switching mode power amplifier) systems. The use of these bipolar 
output drivers has reduced the high frequency harmonics and have mcreased the power 
factor at the load by reducing the current phase shift attributable to the load. Thisisinpart 

20 due to the fact that the switching rise time of the device as well as tte motor reactance 
reflection are decoupled ftom the ii?)ut AC power line by the DC power supply converter. 
These bipolar systems, however, require large DC power supplies for operation. The use 
of capacitive ii9)ut DC supplies, while reducing spurious RF line noise and improving power 
factor, have nonetheless dramatically increased the crest factor (peak current/RMS curreru), 

25 for example by an order of magnitude over that generated by previous SCR systems. The 
nonlinear behavior of the DC power supply (AC/DC converter) results in very large odd 
high harmonic currents reflected back mto the AC ii^)ut power lines. 

Just as with single-phase systems, the presence of large odd high harmonic currents 
in the AC supply lines have a deleterious effect on the voltage step up and step down 

30 transformers typically employed in the context of known power distribution systems. More 
particularly, core losses are proportional to the square of the harmonic frequencies; hence, 
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even relatively low amplitude hannonics exacerbate core loss problems due to their high 
frequencies and the fact that the loss is proportional to the square of the frequency. 

In three-phase power distribution systems, hannonics which are out of phase with 
respect to each other tend to cancel one another at the supply transfonner. In contra- 

5 distinction, current harmonics which are multiples of three tend to have an additive effect, 
further compounding energy losses in the transformer core. This phenomenon makes the 
reduction of the third, ninth, and higher order multiples of three (i.e. 3^ where n is an 
integer) particularly important in three-phase power distribution systems. 

Referring now to Figure 6, an alternative embodiment of an energy transform system 

10 employing a synthesized current reference waveform to eliminate line harmonics is set forth 
in the context of a AC/DC converter system 600. System 600 will first be briefly described 
to highlight various features thereof which are particularly important in the context of a 
three-phase nnplementation of die present invention, as described in greater detail in 
conjunction with Figures 7-10. 

15 Power distribution system 600 suitably con^rises an AC inpai line 602, for exanq)ie 

an electrical power distribution line from a public utility, hsput line 602 suitably carries a 
full sinusoidal voltage waveform. Input line 602 is applied to a rectifier circuit 604, which 
ouq)uts a rectified half sme wave to an energy transforai circuit 606 analogous in function 
to converter 22 discussed above in conjunction with Figure 3. 

20 Power distribution system 600 further comprises a characteristic detection circuit 620. 

a phase-lock circuit 628, a reference waveform generator circuit 651 configured to output 
a current reference waveform to a multipUer 652, a PWM control curcuit 637, a divider 
circuit 642, and an output voltage error circuit 644. 

Reference waveform generator circuit 651 suitably comprises a counter circuit 646, 

25 a ROM 648, and a DAC 650. PWM control circuit 637 suitably comprises an oscillator 
630, a ramp generator 632, a filter 634. an amplifier 640, and a comparator 638 figured to 
output a control signal to a flip-flop 636 which, in turn, controls the duty cycle of energy 
transfer circuit 606. More particularly, energy transfer circuit 606 suitably comprises a 
flyback inductor 608, a switch 614 coupled to flip-flop 636, flyback diode 612, and a 

30 capacitor 618. 

As previously discussed, altiiough energy ttansfer circuit 606 is inq)lemented with a 
flyback conductor, flyback diode, and capacitor combmation in the illusttated embodiment, 
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it will be understood that any suitable energy transfer mechanism which maintains a high 
power factor {e.g. near unity) and which reduces nonlinear current drawing characteristics 
at the load are equally applicable in the context of the present invention. 

With continued reference to Figure 6, input signal 602 is suitably full wave rectified 

5 by bridge 604, supplying a positive going half sine wave to inductor 608 of the power 
transfer (converter) circuit 606. In addition, characteristic detection circuit 620 derives zero 
crossing information, root mean square (RMS) voltage infomution. and low voltage level 
detection information from input line 602. The zero crossing detertor comprising 
characteristic detection circuit 620 suitably provides an ouQ>ut signal 624 (at a firequency 

10 equal to two times the frequency of input line 602) to phase-lock loop circuit 628 and 
counter circuit 646. Phase-lock loop circuit 628. in turn, outputs a signal 628A at a 
frequency of nF^^ to oscillator circuit 30. In this regard, a loop time constant is suitably 
selected to be over 60 timing pulses, to tiicreby reduce problems attributable to noise 
present on input line 602. 

15 Signal 626, operating at oF^, is counted by counter circuit 646 which supplies ROM 

648 wifli sequential addressing signals to thereby retrieve from ROM 648 output data 
representative of a corresponding ideal sine wave. The amplitude information stored in 
ROM 648 is sequottially applied to DAC 650, tliercby racing a linear count into a half 
sine wave function which drives DAC 650 resulting in an analog half sine output 650 which 

20 may be represented as the absokitcvahie of: VpeakSm(«t). Output signal 650A is applied 

to multiplier 652. 

The foregoing synthesized current reference waveform is nearly ideal and, as such, 
does not require filtering to eliminate noise or other harmonics which may be present on 
reference waveforms of the type used in prior art systems. This is particularly advantageous 

25 in that a reference derived from, e.g. , a line voltage waveform is difficult to effectively 
fUter, in part because a typical band pass filter in a line voltage referenced system would 
typically result in phase shifting of the cuncnt with respect to the input line voltage, tiiereby 
decreasing the system power factor and, hence, degrading overall efficiency. Moreover, 
such a filter would tend to introduce additional harmonics because of its transient response 

30 characteristics and transients on the line stimulating die filter to ring. Because of the 
difficulties associated with effectively filtering a reference waveform derived from the input 
line voltage, prior art systems typically used an unfiltered reference waveform permittmg 
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line voltage faannonics of the referenced waveform to be amplified by the gain of the 
current control loop, further degrading harmonic performance of the circuit. 

A synthesized waveform such as that described herein effectively decouples the 
converter {e,g, converter 606 of Figure 6) from the feedback attributable to the modulation 
5 of the reference waveform by the supply waveform across the line impedance as current 
draw increases. Indeed, the use of a synthesized current reference waveform could 
theoretically produce a supply with an ideal resistive ii^ut characteristic, virtually 
eliminating harmonics. 



10 generates an RMS signal 622 indicative of the RMS voltage value of input line 602. Signal 
622 is also suitably applied to multiplier 652. In this regard, it may be advantageous to 
square the RMS voltage value present on input line 602, for example in circuit 620 or in 
multiplier 652. The squared RMS signal is suitably used to provide a normalizing signal 
to the current reference waveform {Le. signal 650A), to thereby compensate the reference 

15 waveform for variations in iiq>ut line voltage signal 602. In addition, RMS signal 622 may 
be advantageously filtered, for example using a low pass filter to thereby reduce line noise. 
Such a filter may be suitably implemented in circuit 620 or 652, as desired, and may 
suitably exhibit a coiner fiequency less than (the frequency of AC input line 602); 
moreover, the vahie of the comer frequency and the slope of the filter roll-off may be 

20 suitably used to determine the second harmonic leakage factor. That is, the leakage of 
second harmonics through the RMS filter may generate higher harmonics when the signal 
is squared; hence, the synthesized waveform described herein may not necessarily totally 
reduce line harmonics to zero. 



25 suitably measures the RMS value of the input line voltage and generates a low line signal 
when the RMS value drops below a preset level. 

Converter circuit 606 transforms the output of rectifier 604 by stepping up the line 
voltage and charging output capacitor 618 which, as described above, is configured to 
supply current to load 616. In the illustrated embodiment, the output voltage V^^^ will be 
30 greater than the peak phase voltage. 

A feedback signal (error signal) 644A is also suitably generated by dividing and 
filtering \^ at filter circuit 642 and subtracting an output 642A from a predetemained 



With continued reference to Figure 6, characteristic detection circuit 620 suitably 



The use of a low line detector circuit within characteristic detection circuit 620 
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reference volUge \,^{ 646 at a subtracter 644. Error signal 644A is also applied to 
multiplier 652. and suitably sets the response of V^ut to load transients. With regard to the 
filter comprising filter circuit 642. a moderate filter comer frequency may be employed, 
provided that the frequency is substantially less than vFn^. 

5 The output signal 652A of multiplier 652 is applied to one input of a different 

amplifier 640. In addition, an output signal 610A generated by current sensing resister 610 
is filtered at filter 634 and also applied to the second input of the difference amplifier 640. 
The output of amplifier 640 is fed to the comparator 638 and, in conjunction with the ramp 
output, is ultimately used to control the duty cycle of switch 614. Filter 634, filter 634 

10 is suitably characterized by a high comer frequency less than nFune- 

More particularly, escalator 630 causes flip-flop 636 to close switch 614 at the 
begimiing of each cycle of loop frequency nFu„. OscUlator 630 also drive ramp generator 
632. which applies a lamped output to comparator 638. Thus, the value of the output of 

15 amplifier 640 (as compared to the output of ramp generator 632) will determine the point 
within each period of the cycle defined by oscillator 630 , nF,i^ at which flip-flop 636 
opens switch 614, thereby controlling the duty cycle of converter circuit 606. 

Moreover, a system protection circuit (not shown) may be conveniently set to respond 
cycle by cyde at the switching frequency. That is, an over current comparator may be 

20 incorporated to Ifanit or stop the PWM duty cycle to prevent output device damage or 
inductor saturation. 

Referring now to Figure 7. a typical three-phase power distribution system 700 
suitably - comprises respective lines 702 (corresponding to waveform V^). 704 
(corresponding to waveform V^, and 706 (corresponding to Vc). to which a three-phase 
25 AC input is applied. Thus, the instantaneous line voltage of each phase with respect to 
ground may be defined as follows: 

where Vp^u^ is the peak line voltage. 

The voltage between any two of these phases, that is the interphase voltage, may thus 

be defined as follows: 
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K ' ^ ^PKiine 



" ^H^^C " ^PKiine 



where a. b, and c indexes indicate the interphase values defined above. Reducing the above 
equations and defining ^ 



then 



PKJine 



10 



= sin 



5n 



The interphase voltage is ^fi times the line to ground voltage and its phase leads the first 
index line phase by ir/6 or 30 degrees. 

The characteristics of a 3* full wave bridge rectifier (FWBR) DC power supply are 
fundamentally similar to those of a single-phase supply. 

Referring now to Figure 8, a simple delta wired three-phase AC/DC supply cuicuit 
800 suitably comprises a fu^t branch 810, a second branch 812, and a third branch 814 to 
which a three-phase AC input is applied. Voltage signal on branch 810 is suitably 
rectified by a rectifier circuit 816; signal (branch 812) is suitably rectified by a rectifier 
circuit 822; and signal (branch 814) is suitably rectified by a rectifier circuit 824. Each 
of tiie foregoing rectifier circuits suitably comprises two diodes, as is known in the art. A 
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common capacitor 834 suitably functions to stabUize V^ut to the load 836. as is also known 
in the art. 

The desirability of a three-phase DC supply over a single-phase DC supply can in part 
be attributed to the fact that the ripple frequency is 6F^ in the three-phase supply, as 

5 opposed to a ripple frequency on the order of IF^^ for a single-phase supply. This higher 
ripple frequency reduces the output filter requirements for a given output ripple value and 
* power level. As discussed briefly above in connection with Figure 3. the bias of the output 
voltage on the rectifier diodes restricts conduction of the diodes to phase angles wherein the 
line input voltage exceeds two diode voltage drops plus the output voltage. When current 

10 flows through the diodes, its peak value is essentially limited only by the ii5>ut Ime 
impedance. This nonlinear conduction behavior is the source of high odd harmonics in the 
input line current. Moreover, the crest factor in a three-phase system as compared to a 
single-phase system is reduced, for example on the order of a factor of toee for an identical 
input current and load. Current harmonics are proportionately reduced as well. 

15 As stated above, however, transformer core losses are a function of the square of the 

frequency of line harmonics, resulting in substantial harmonic energy lost as heat in the 
transformer cores. Harmonic current cancellatioh of odd harmonics in three-phase 
transformer cores occurs only for harmonics which are not a multiple of three; conversely, 
current harmonics which are a multiple of three are additive due to their common phase. 

20 These "three multiple" current harmonics develop circulation currents (e.g. , caused by the 
magnetic flux changes in the core), which also dissipate as heat. It is thus quite desirable 
to control harmonic reduction in three-phase systems in order to maintain satisfactory power 
distribution efficiency. 

Before applying the foregoing inventive techniques to a three-phase system, it is 

25 instructive to note that usbg the input line voltages (V^, Vg, Vc) as reference waveforms 
in three-phase systems is particularly problematic inasmuch as the interphase current 
typically leads the line phase by 30 degrees (7r/6 radians). Thus, it is extremely difficult 
to maintain phase-stable references m a three-phase system. Moreover, the introduction of 
a phase shifting network would inevitably produce transient induced harmonics in addition 

30 to passmg any line voltage harmonics already present on the input supply line. The 
synthesized waveform techniques of the present invention, when properly applied in a three- 
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phase context, provide nearly perfect phase stability and current waveform since only timing 
information {e.g., zero crossing or peak detection) is obtained from the input lines. 

Referring now to Figure 9, an exemplary three-phase power distribution circuit 900 
employing the reference waveform synthesis techniques of the present invention will now 
5 be described. 

The implementation of a three-phase low harmonic DC power supply in the context 
of the present invention is particularly advantageous with respect to flie use of synthesized 
reference waveforms to correct for current waveform distortions. 

More particularly, system 900 suitably comprises a first branch 902 (V^ i^). a second 

10 branch 904 Qf^Q, and a third branch 906 (Vein) to which a three-phase AC inpat is 
applied. Each df respective branches 902, 904 and 906 is suitably connected to a 
corresponding PWM control circuit. More particularly, branch 902 (V^ jq) is suitably input 
to PWM coniroUer 908 and PWM controller 924; branch 904 (Vg j^) is applied to PWM 
controller 908 and PWM controller 922; and branch 906 (Sq \^ is ^pUed to PWM 

15 controller 922 and PWM controller 924. In this way and as set forth in the foregomg 
equations and as also illustrated in Figure 7. respective interphase voltage signals V^. V^, 
and may be conveniently derived. 

Respective PWM controllers 908, 922, and 924 are suitably identically constructed; 
however, for clarity, only PWM controller 908 is shown in detail in Figure 9. More 

20 particularly, controller 908 suitably comprises a rectifier circuit 910, a cunent sensing 
circuit 911 and a current sense ouq>ut filter 918, a multiplier 920, a differencing amplifier 
916, a PWM generating circuit 914, and a converter 912. The respective outputs of 
controllers 908, 922, and 924 are suitably ou^ut to node 928 for application as across 
the load, using a common filter capacitor 926. 

25 With continued reference to Figure 9, three principal features are of primary 

significance in the context of the three-phase embodiment shown in Figure 9. 

First, an additional pair of diodes, in contradistinction to the single pair of diodes 
illustrated in respeaive rectifier circuits 816, 822, and 824 in Figure 8. is suitably used for 
each interphase waveform, resulting in a fixll wave rectifier bridge 910 for each interphase 
- 30 line pair. For each interphase Ime pair, the positive going half sine waves from rectifier 
910 are applied to converter 912 m a manner analogous to that described above in 
conjunction with the single-phase embodunent. Indeed, converter 912 also functions 
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analogously to that described above in conjunction with the single-phase embodiment. 
Common fUter capacitor 926 permits each converter to dump its charge at a conomon 
potential, namely Wow ^^8 independent of the original phase. 

Error signal generator 930 suitably generates an output voltage error signal by 

5 filtering and dividing the ouq)ut voltage Vqu, and subtracting it from a stable reference 
voltage Vref. The output of error signal generator 930 is thereafter applied to multiplier 
circuit 920 of each of respective controller circuits 908, 922. and 924. In this regard, the 
output error voltage fUter comprising error circuit 930 suitably comprises a low pass fUter 
with a pole less than nF/10 to provide good output step response. 

10 Secondly, independent RMS values are advaittageoudy developed for each interphase 

voltage signal. More particularly, respective branch signals 902, 904, and 906 are suitably 
applied to RMS line filter circuit 936, \rt>CTeupon respective output signals 946, 948 and 
950 are generated indicative of, respectively, the RMS values of respective interphase 
voltage signals Vg, Vb, and Vg. (Recall that restive interphase voltage signals V,,, V^, 

15 and Vp represent tiie differences between various iiqmtbrandi signals 902, 904, and 906. 

as derived in the equatiom discussed nqna.) 

Thirdly, RMS signal 946 is suitably applied to a phase C synthesizer circuit 940, 
RMS signal 948 is suitably aH>Ued to a phase B qrnthesizer circuit 942, and RMS signal 
950 is suitably applied to a phase A synthesizer circuit 944. In addition, zero crossing 

20 inforaiation relating to each of the interphase voltage signals is developed by zero crossing 
circuit 934, whereupon zero crossing infomiation is applied, at a frequency of 6F^ to 
phase loop circuit 938. Phase loop circuit 938 is thus locked to the zero crossing pulses. 

Phase loop circuit 938 advantageously generates respective interphase synchronizing 
pulse signals 938A. 938B, and 938C, which signals are suitably w/6 radians (30 degrees) 

25 phase shifted from respective input lines 902. 904, and 906, to thereby lock the current 
waveform synthesizers to their proper "interphase" phases. In addition, phase loop circuit 
938 applies timing pulses at a frequency of liF^j^, to respective phase synthesizer circuits 
940-944. such that these synthesizer circuits generate ideal sine wave reference waveforms 
in amanner analogous to the reference waveform generated by the systems discussed above 

30 in connection with Figures 4 and 5 in the single-phase embodiment. Moreover, respective 
synthesizer circuits 940-944 suitably produce absohite sine waves which arc normalized by 
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appropriate RMS signals (e.g., respective RMS signals 946-950) applied to the synthesizer 
* circuits from RMS line filter circuit 936, as discussed above. 

The synthesized waveforms produced by synthesizer circuits 940-944 are suitably 
applied to PWM controller circuits 924, 922, and 908. respectively, in a manner analogous 

5 to the single-phase embodiment discussed in conjunction with Figures 4 and 5. 
Analogously, respective PWM control circuits 908. 922, and 924 are also synchronized by 
an nFji^g from phase loop circuit 938. 

As briefly discussed above, each of respective PWM controller circuits 908, 922 and 
924 suitably comprises a current sense circuit 911 which generates a current sense signal 

10 911 A which is filtered by filter circuit 918 and applied to a differencing amplifier 916. In 
this way, a filtered input current signal developed across current sensor 91 1 is summed with 
the multiplied error signal firom error signal generator 930 and the appropriate synthesized 
wave shape signal to control the duty cycle of converter 912 for each of respective PWM 
control ckcuits 908. 922, and 924. 

15 In accordance with a fiirther aspect of the present invention, the availability of three 

separate power legs in tihree-phase systems permits the foregoing embodiment to be 
conveniently adapted for interline load leveling. More particularly, if one of the line phases 
is voltage sagging, indicating fliat it is carrying extra cunent because of poor load 
distribution on the power grid, the typical response of a constant energy transfer, low 

20 harmonic DC power supply would be to increase the interphase currents on those phases to 
maintain a constant power transfer; however, this tends to further increase the cunent draw 
on that inpvt line. While this sohition tends to reduce "brown out" problems for the end 
users, it tends to aggravate the line load imbalance problem. 

Referring now to Figure 10, an intelligent controller circuit 1002 suitably comprises 

25 respective PWM control circuits 1004, 1006. and 1008 analogous to respective circuits 908. 
922 and 924 of Figure 9, a filter capacitor 1014, load 1016. output error signal generator 
1018, and an RMS line detection circuit 1020, generally analogous to the corresponding 
components discussed above in conjunction with Figure 9. In this regard, intelligent 
controller circuit 1002 also suitably comprises an omnibus synthesizer circuit 1012, 

30 analogous to the various synthesized waveform generation circuitry discussed above in 
conjunction with Figure 9. Intelligent controller circuit 1002 further comprises a power 
control circuit 1010 configured to effect fine load equalizing, as discussed below. 
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In accordance with a prefened embodiment of the present invention, line balancing 
may be accomplished by, inter alia, CPU 1010 through the execution of a line balance 
algorithm, for example in the fonn of instructions resident within a ROM (not shown) 
associated with CPU 1010. 

5 More particularly, by summing the squares of each interphase RMS voltage value 

(e.g., RMS signals 946, 948 and 950) and dividing the sum by three, a squared mean of the 
RMS values may be determined. CPU 1010 is suitably configured to calculate the 
difference between the squared mean RMS value and each of the mdividual squared RMS 
values, yielding respective delta RMS squared values for each interphase voltage. Dividing 

10 each delta RMS squared by its corresponding RMS squared value, and thereafter adding the 
product thereof to one if the RMS squared value is greater than the mean RMS squared, and 
by subtracting the product from one if the RMS squared value is less than the mean RMS 
squared value yields respective leveled values 1030, 1032, and 1034 corresponding to each 
interphase value. Respective leveled signals 1030-1034 are suitably applied to a 

15 conesponding converter widiin an appropriate one of respective PWM controller circuits 
1004, 1006, and 1008. In this way, the mean vahie moves widi all three iiqnit line 
voltages, yet extracts more power from die higher voltage phase and decreases the power 
drawn ftom the low line, thereby balancing the sensed line imbalance. Total input power 
tnmSa may also be advantageously controlled by scaling the mean RMS squared vatae. 

20 Total power transfer to control total facility ii^witpower may be suitably accomplished 

through the use of current probes (not shown), fox exanq»le probes clamped to the mcoming 
facility power lines. An input signal 1040 representative of AC input line source current 
may be suitably ^lied to CPU 1010. The maximum permissible current draw may also 
be stored wifliin RAM or ROM, as appropriate, within CPU 1010, for example in non- 

25 volatile memory. CPU 1010 may be suitably configured to reduce the input power draw 
to the power supply as die total current draw (as represented by signal 1040) approached 
a maximum permitted value, thereby shedding the supply load as required. 

The foregoing load shedding scheme is particularly advantageous in the context of 
constant voltage loads, for example rechargers of the type used to recharge batteries, for 

30 example in the context of battery packs used in electric vehicles. 

Although the subject invention is described herein in conjunction with the ^paided 
drawing figures, Uiose skiUed in the art wiU appreciate diat the scope of the invention is not 
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SO limited. Various changes in the design and anangement of various components and 
method steps described herein may be made without departing from the spirit of the 
invention as set forth in the appended claims. 
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We claim: 

1. Power electronics system comprising respective input voltage and current lines, an 
enei^ storage circuit, the system being characterized by an output voltage and current, said 
output voltage being stabilized by of a synthesized, ideal cunent reference wavefoim. there 

5 further being control means between put current and said reference current wave form, said 
synthesized wave form being phase-locked input voltage line. 

2. In a switched power supply system: 

a. a rectifier adapted to be connected to the alternating current line; 
10 b. a boost converter connected to the output of said rectifier, said converter 

including an input circuit having a series-connected inductance coU and an output 
circuit having a shunt connected storage capacitor; 

c. and further including a power switch connected between the inductance coil 

and the storage capacitor; 
15 d. and a control circuit connected to said power switch for providing a svwtching 

signal for said converter having a current reference which traclcs die zero crossings 

of the ling current line voltage to cause the power supply to exhibit unity power 

factor to the alternating current line; 

e. said control circuit including a voltage error amplifier connected to the output 
20 of said converter and to a source of reference voltage for producing an output which 

is a fiinction of the difffercnce between lie output voltage of the converter and the 
reference voltage from the source; 

f . a switching analog multiplier circuit connected to the output of said rectifier 
to produce an output which is proportional to the output of said voltage error 
25 amplifier multiplied by the instantaneous line voltage and divided by the RMS line 

voltage squared: 

g. a current regulator amplifier connected to the converter and to the the 
multiplier and responsive to a voltage representing the current flow in the converter 
and to the output of the multiplier for producing a current error signal; 
30 h. and circuit means includmg a pulse-width modulator connected to said current 

or amplifier and responsive to said current error signal therefrom for introducing said 
ng conttol signal to said power switch. 
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3 . The system of claim 2 in which said multiplier is a switching type, and in said control 
circuit includes a timer and ramp signal generator for supplying clock signals to said 
switching multiplier and ramp signals to said pulse width modulator. 

5 4. In the apparatus of claim 1 the further improvement wherein said energy 
transformation mechanism is switched at a high frequency compared with the fundamental 
operating frequency of said power electronics circuitry there being a bifilar wound magnetic 
dement positioned between said energy transformation mechanism and said energy storage 
means wherem the energy contained in the harmonics of said high switching frequency are 

10 efficientiy transformed into energy of said fundamental operating frequency. 

5. In the apparatus of claim 1 the further improvement wherein said energy storage 
means comprises at least one of the capacitors and bifilar magnet elements. 

15 6. In the apparatus of claim 1 the furtfier improvement wherein said control means being 
at least or^ of phase-locked synthesized reference waveform and a secondary voltage control 
loop. 

7. In the apparatus of claim 1 the further improvement wherein said cooperative to 
20 synfliesize said ideal wave shape being at least one of a phase-lock loop driving a Read Only 

Memory (ROM) lockup table m turn driving a Digital to Analog Converter (DAC) and a 
phase-lock loop with a direct wave form osciUator. 

8. In the apparams of claim 4 the further improvement wherein said high frequency 
25 switching being at least SOX higher than said fundamental operating frequency. 

9. In the apparams of claim 4 the further improvement wherein said bifilar wound 
element is an inductor. 

30 10 . In a heat sink for stnicttirally siqiporting at least a portion of a heat generating device 
in intimate thermal relationship therewith and for removing heat flux from the region of 
thermal contact therebetween at or about a heat exchange surface, said heat smk providing 
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a heat exchange fluid environment proximate said heat exchange surface and including flow 
means for providing a current of coolant fluid to remove heat from said heat xchange 
surface, the improvement comprising means to cause the coolant velocity to increase in a 
prescribed manner as it flows along said heat exchange surface from coolant input to coolant 
5 output such that the progressive mcrease in coolant temperature with flow along said heat 
exchange surface is at least partially canceled by the decrease in temperature driving force 
caused by said increase in coolant velocity. 

11. In the apparams of claim 10 the further improvement wherein said means is a linear 
10 tapered coolant conduit whose input cross section is greater than the output cross section. 

12. In the apparatus of claim 10 the further improvement wherein said means comprises 
a generally circular conduit whose input cross section is greater than the output cross section 
and wherein the cross section of said conduit decreases in a prescribed manner from said 

15 coolant iiqyut to said coolant output. 

13. In a battery charging system comprising: 

a. an incoming Utility power line connected to a building: 

b. said building having internal electrical wiring for predetermined usage; 

20 c. at the connection of said power line and said building there being a further 

electrical coimection to a battery charger; 

d. there being electrical current sensing means positioned at the connection point 
of said incoming line and said building and said battery charger, said current sensing 
means measuring at least two of: the current in said incoming power liiK and the 

25 current flowing into said internal wiring of said building and the cunent flowing to 

said battery charger; 

e. there being control circuitry connected to said current sensing means and said 
battery charger, said control circuitry being provided with means to control the flow 
of current to said battery charger independent of the circuitry charging the battery. 

30 Said control circuitry being provided with at least one of algorithms and other built-in 

information and computational means that contain the values of at least one of the 
highest predetermined current capacity of said mcommg line and the Utili^ 
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transformer connected to said incoming line. Said control circuitry responding to said 
current sensor input by ensuring that the current from at least one of said incoming 
lines and Utility transformer do not exceed said predetermined current and that the 
current into said building and the current to said battery charger together also do not 
5 exceed said predetennined current limit. At such time as when the combined building 

and charger load drop below said limit (reduced building power and/or below peak 
battery charger rates) said control circuitry need no longer exercise control over said 
batteiy charger as the total load is less than the specified maximum. 

10 14. In the apparatus of Claim 13 the further improvements wherein said Utility pole 
transformer being connected respectively to multiple incoming power lines which in turn 
are connected to multq)le buildings. Said transformer having at least one current sensing 
means for at least N-1 incoming lines where N is flie number of incoming lines, and current 
control circuitry. Said transformer current control cucuitry and associated control means 

15 communicating with said control circuitry attached to each of said buildings and associated 
battery chargers such that said transformer control circuitry in a predetemuned manner 
instructs each of said control circuitry to draw its appropriate share of current such that the 
total current draw docs not exceed the transformer limits (e.g. those batteries with maximum 
discbarge can receive priority, or those willing to pay a prenuum rate). 

20 
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FIGURE 1 
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FIGURE 2 




Page 2/10 



SUBSinUTE SHEET (RULE 26) 



wo 94/19860 



PCT/US94/01796 



FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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